Of the approximately 250,000 species of flowering plants, nearly one in ten are members of the Compositae (Asteraceae), a diverse family found in almost every habitat on all continents except Antarctica. With an origin in the mid Eocene, the Compositae is also a relatively young family with remarkable diversifications during the last 40 My. Previous cytologic and systematic investigations suggested that paleopolyploidy may have occurred in at least one Compositae lineage, but a recent analysis of genomic data was equivocal. We tested for evidence of paleopolyploidy in the evolutionary history of the family using recently available expressed sequence tag (EST) data from the Compositae Genome Project. Combined with data available on GenBank, we analyzed nearly 1 million ESTs from 18 species representing seven genera and four tribes. Our analyses revealed at least three ancient whole-genome duplications in the Compositae-a paleopolyploidization shared by all analyzed taxa and placed near the origin of the family just prior to the rapid radiation of its tribes and independent genome duplications near the base of the tribes Mutisieae and Heliantheae. These results are consistent with previous research implicating paleopolyploidy in the evolution and diversification of the Heliantheae. Further, we observed parallel retention of duplicate genes from the basal Compositae genome duplication across all tribes, despite divergence times of 33-38 My among these lineages. This pattern of retention was also repeated for the paleologs from the Heliantheae duplication. Intriguingly, the categories of genes retained in duplicate were substantially different from those in Arabidopsis. In particular, we found that genes annotated to structural components or cellular organization Gene Ontology categories were significantly enriched among paleologs, whereas genes associated with transcription and other regulatory functions were significantly underrepresented. Our results suggest that paleopolyploidy can yield strikingly consistent signatures of gene retention in plant genomes despite extensive lineage radiations and recurrent genome duplications but that these patterns vary substantially among higher taxonomic categories.
Introduction
Polyploidy has long fascinated botanists because it is a prevalent process despite posing immediate and extensive challenges for an organism. A single genome duplication isolates an individual from its parental species and forces the nascent polyploid to overcome numerical inferiority and parental competition if it is to survive (Levin 1975) . The concurrent duplication of all nuclear genes is accompanied by widespread changes in gene expression (Adams and Wendel 2005) and often chromosomal rearrangements (Levin 2002; Gaeta et al. 2007 ). Yet despite the potential for ecological and genomic havoc, polyploidy is remarkably frequent, especially among plants. By some accounts, 20-40% (Stebbins 1971 ) of extant flowering plant species are neopolyploids and as many as 70% are thought to have some polyploid ancestry (Masterson 1994; De Bodt et al. 2005; Cui et al. 2006) .
Recent analyses of plant genomes have enhanced exploration of the history of polyploidy in plant evolution and support the botanical community's long-standing interest in polyploidy. Neopolyploidy is fairly easy to detect by changes in chromosome number, genome size, and nuclear gene copy numbers relative to putative progenitors. Some of these methods have been used for nearly a century to identify and study neopolyploidy to great effect (Stebbins 1971; Levin 2002) , but methods for confidently assessing past polyploidy, or paleopolyploidy, were unavailable until recently. A primary obstacle to inferring paleopolyploidy is diploidization, a process of mutation, gene loss, and chromosomal rearrangement that commences immediately after a genome duplication and over time returns the polyploid to a diploid genetic system. Analyses of large genomic data sets can overcome the obscuring effects of diploidization to reveal signatures in plant genomes indicative of paleopolyploidy. Most striking are examples from studies of whole-genome sequences that infer paleopolyploidy through a combination of duplicate gene age distributions, gene family sizes, and identification of homoeologous regions. Such analyses have identified paleopolyploidy in the history of the Poaceae (Paterson et al. 2004; Yu et al. 2005) and indicate ancient duplications near the base of the Brassicaceae and the Rosids (Vision et al. 2000; Bowers et al. 2003; Schranz and Mitchell-Olds 2006; Jaillon et al. 2007; Tang et al. 2008 ). However, full-genome sequences are not available for many taxa and are not necessary for the identification of paleopolyploidy. Most of our knowledge of the phylogenetic distribution and prevalence of paleopolyploidy is based on analyses of the age distribution of duplicate genes from expressed sequence tag (EST) sequences. Bursts of gene duplication and/or an abrupt reduction in duplicate gene death create peaks in these age distributions and are used to infer paleopolyploid events. To date, analyses of ESTs have implicated paleopolyploidy in the history of over 15 plants, including Populus (Sterck et al. 2005) and Solanum (Schlueter et al. 2004; Blanc and Wolfe 2004b; Cui et al. 2006 ) plus the well-established paleopolyploid Arabidopsis (Vision et al. 2000; Blanc et al. 2003; Bowers et al. 2003; Blanc and Wolfe 2004b) .
Despite the recent advancements in identifying paleopolyploidy in plants, we do not yet have assessments of paleopolyploidy from many lineages within a single family.
Such studies are necessary for advancing research on paleopolyploidy because they place ancient duplication events in a phylogenetic context that permits evolutionary comparisons. However, collecting phylogenetically diverse genomic data for a large family of flowering plants is not trivial and until recently such data did not exist. One family for which substantial genomic data have recently become available is the Compositae (Asteraceae). With close to 25,000 species constituting approximately 10% of all angiosperms, the Compositae is the largest and one of the most diverse families of flowering plants (Funk et al. 2005; Stevens 2008 ). Members of the family occur in nearly every habitat on all continents except Antarctica and represent a full range of life histories from annuals to perennials and vines to trees. Evolutionary genomic analyses are now possible in the family because of the release of nearly 750,000 EST sequences for 18 species of Compositae by the Compositae Genome Project (CGP; http:// compgenomics.ucdavis.edu) as well as nearly 17,000 ESTs for Gerbera (Laitinen et al. 2005) . Combined with other ESTs available on GenBank, nearly 1 million EST sequences are now available for species across four tribes of the family, providing one of the most phylogenetically diverse collections of ESTs in any plant family.
Using these substantial EST resources, we address a number of questions about paleopolyploidy and the evolution of the Compositae. A diversity of chromosome numbers occurs across the family ranging from n 5 2 to n 5 114 (Funk et al. 2005) , and a paleopolyploidization has long been hypothesized at the base of the subfamily Heliantheae s. l. (Smith 1975; Robinson 1981) . Consistent with an ancient genome duplication at the base of the Heliantheae s. l. are observations of multiple nuclear gene copy numbers in members of the subfamily (Yahara et al. 1989; Berry et al. 1995; Gentzbittel et al. 1995) . Baldwin et al. (2002) provided further support for this hypothesis from a parsimony analysis of chromosome number evolution that strongly suggested a paleopolyploidization at the base of the subfamily. Contrary to these studies, Blanc and Wolfe (2004b) failed to find evidence of paleopolyploidy in their analysis of Helianthus duplicate gene age distributions. We revisit this question using larger EST data sets for more species than were available to Blanc and Wolfe (2004b) , and perhaps more critically, we employ a variety of statistical analyses to identify significant features in age distributions consistent with paleopolyploidy in the Compositae.
We also use the broad genomic resources of the Compositae to examine the composition of genes retained in duplicate following paleopolyploidy. Recent analyses of eukaryotic genomes have shown that paleologs, genes retained in duplicate from paleopolyploidy (Chapman et al. 2006) , are often biased with respect to function (Seoighe and Gehring 2004; Blanc and Wolfe 2004a; Maere et al. 2005; Blomme et al. 2006; Aury et al. 2006; Rensing et al. 2007; Scannell et al. 2007 ). We tested for evidence of biased paleolog retention following genome duplication in the Compositae and compared the results with previous analyses and models of gene retention. Past analyses of paleolog functional biases in plants, almost exclusively on Arabidopsis, have only addressed this question by evaluating the patterns of duplicate gene retention from a single species' data. Our multispecies analysis goes beyond previous studies by testing whether patterns of biased paleolog retention are shared among species after tens of millions of years of divergence.
Materials and Methods
EST libraries for 18 Compositae species representing four tribes were downloaded from GenBank in February 2007 and assembled into unigenes (table 1) . A 19th species, Helianthus paradoxus, was not included in the analyses because it is a homoploid hybrid species, and its parental genomes (Helianthus annuus and Helianthus petiolaris) were already represented. Prior to assembly, vector, and lowquality sequences were removed using Seqclean (http:// compbio.dfci.harvard.edu/tgi/software/) with the UniVec database (http://www.ncbi.nlm.nih.gov/VecScreen/UniVec.html). Contigs were assembled for each species using the program TGICL with default settings (http://compbio. dfci.harvard.edu/tgi/software/) (Quackenbush et al. 2000) , and a unigene file containing assembled contigs and singletons was created.
From these unigenes, duplicate gene pairs were identified and their divergence, in terms of substitutions per synonymous site per year (K s ), was calculated. Duplicate pairs were identified as sequences that demonstrated 40% sequence similarity over at least 300 bp from a discontiguous MegaBlast (Zhang et al. 2000; Ma et al. 2002) . Reading frames for duplicate pairs were identified by comparison to available plant protein sequences. Each duplicated gene was searched against all plant proteins available on GenBank (Wheeler et al. 2007 ) using BlastX (Altschul et al. 1997) . Best hit proteins were paired with each gene at a minimum cutoff of 30% sequence similarity over at least 150 sites. Genes that did not have a best hit protein at this level were removed before further analyses. To determine reading frame and generate estimated amino acid sequences, each gene was aligned against its best hit protein by Genewise 2.2.2 (Birney et al. 1996) . Using the highest scoring Genewise DNA-protein alignments, custom Perl scripts were used to remove stop and ''N'' containing codons and produce estimated amino acid sequences for each gene. Amino acid sequences for each duplicate pair were then aligned using MUSCLE 3.6 (Edgar 2004) . The aligned amino acids were subsequently used to align their corresponding DNA sequences using RevTrans 1.4 (Wernersson and Pedersen 2003) . K s values for each duplicate pair were calculated using the maximum likelihood method implemented in codeml of the PAML package (Yang 1997) under the F3Â4 model (Goldman and Yang 1994) .
Further cleaning of the data set was conducted to remove duplication events that could bias the results. All duplicate pairs containing identifiable transposable elements were removed from the analysis because duplication resulting from transposition may obscure a signal from paleopolyploidy. To reduce the possibility that identical genes are represented in the data set, but missed by the TGICL clustering due to alternative splicing, all K s values from one member of a duplicate pair with K s 5 0 were removed. Further, to reduce the multiplicative effects of multicopy gene families on K s values, we used simple hierarchical clustering to construct phylogenies for each gene family (Blanc and Wolfe 2004b) , identified as single-linked clusters, and calculate the node K s values. Node K s values ,2 were used in subsequent analyses.
To identify significant features in the age distribution, we employed three statistical tests. We used the bootstrapped K-S goodness of fit test of Cui et al. (2006) to assess if the overall age distributions deviated from a simulated null. Taxa that deviated significantly from the null were then analyzed with SiZer (Chaudhuri and Marron 1999) to identify significant features (a 5 0.05) in our age distributions. SiZer uses changes in the first derivative of a range of kernel density estimates to find significant slope increases or decreases, and the combination may be used to identify peaks and their ranges (Chaudhuri and Marron 1999) . We also used EMMIX to fit a mixture model of normal distributions to our data by maximum likelihood (Mclachlan et al. 1999) . Peaks produced by paleopolyploidy are expected to be approximately Gaussian (Schlueter et al. 2004; Blanc and Wolfe 2004b) , and this mixture model test identifies the number of normal distributions and their positions that could produce our observed age distributions. For our analyses, 1-10 normal distributions were fitted to the data with 1,000 random starts and 100 k-mean starts. The Bayesian information criterion was used to select the best model fit to the data.
Age distributions from lineages as phylogenetically diverse as the tribes of the Compositae are not directly comparable because of molecular evolutionary rate variation among nuclear genomes. To account for this rate heterogeneity, we corrected K s values for each tribe using relative rate corrections based on K s branch length ratios. A representative of each tribe was selected (Gerbera hybrida for Mutisieae, Centaurea solstitialis for Cardueae, Lactuca sativa for Cichorioideae, and H. annuus for Heliantheae) along with two outgroups, Solanum lycopersicon (unigenes constructed as above) and Arabidopsis thaliana (TAIR 7 cds), to calculate K s branch lengths of orthologs across a constrained topology in PAML. Thirty-six putative orthologs with at least 300-bp alignment overlaps were identified among these taxa by reciprocal best Blast hits (supplementary table S1, Supplementary Material online). Using these orthologs, we calculated the K s branch lengths for each gene in the Compositae ingroup across a constrained topology based on the majority rule consensus tree of maximum likelihood analyses of the 36 nuclear gene orthologs (supplementary fig. S1 , Supplementary Material online). DNA sequences for each ortholog set were aligned in MUSCLE 3.6 (Edgar 2004) , and maximum likelihood phylogenies were recovered using the default settings in PHYML 2.4.4 (Guindon and Gascuel 2003) . The majority rule consensus tree for these 36 nuclear phylogenies was found using the CONSENSE program of PHYLIP 3.68 (Felsenstein 2008) . Our consensus tree topology is supported by the supertree phylogeny of Funk et al. (2005) and many other analyses Palmer 1987, 1988; Jansen et al. 1991; Jansen and Kim 1996; Kim et al. 2005) . Using this topology, the ratios of branch lengths for Centaurea, Lactuca, and Helianthus versus Gerbera were calculated for each gene. The mean ratio over all 36 orthologs for each lineage was applied as a relative rate correction to the K s values for their respective taxa, and we used Tukey-Kramer analyses to identify statistically significant groups among our rate corrected data sets. We also applied the rate corrections to the K s branch lengths in our 36 nuclear gene phylogenies and computed a mean rate corrected phylogeny.
Gene Ontology (GO) annotations of the Compositae ESTs were obtained through discontiguous MegaBlast searches against A. thaliana transcripts from TAIR (TAIR 7 released 25 April 2007) for the best hit with at least 100 bp and an e value of 1 Â 10 À10 . To ensure that we had comprehensive coverage of the transcriptome, we pooled GO annotations for all species from the same tribe, excluding Gerbera because it was a relatively small, single tissue library. We tested for differences among GO annotations by chi-square tests with P values computed from 100,000 Monte Carlo simulations in R (R Development Core Team 2005). When chi-square tests were significant (P , 0.05), GO categories with residuals .|2| were implicated as major contributors to the significant chi-square statistic. Using this statistical framework, we tested for significant differences among each tribe's full GO annotations, paleologs versus nonpaleologs for each tribe, among each tribe's paleologs from a shared paleopolyploidization, and paleologs from a tribe-specific duplication versus paleologs from older genome duplications in the same lineage. Boundaries for each whole-genome duplication were defined by the mixture model results.
Results
Our EST analyses provide robust evidence for several genome duplications in the history of the Compositae. The EST assemblies yielded a total of 344,462 unigenes for 18 species from seven genera and four tribes (table 1). On average, each species was represented by 19,136 unigenes distributed across 14,628 gene families with nearly 31% of the unigenes duplicated. Histograms of the age of gene duplication events, as inferred by K s from our gene family phylogenies, demonstrated peaks consistent with paleopolyploidy in the ancestry of all 18 species ( fig. 1 and supplementary fig. S2 [Supplementary Material online] ). These K s distributions also deviated significantly (P , 0.0001) from a null model of constant duplicate gene birth and death in a K-S goodness of fit test. Consistent with these results, SiZer analyses identified significant peaks (P , 0.05) in most species' age distributions (table 2). These peaks were congruent for species within tribes, with members of the Heliantheae demonstrating a significant peak from K s ; 0.35-0.65, the Cichorioideae from K s ; 0.6-0.95, the Cardueae from K s ; 0.5-0.85, and the Mutisieae from K s ; 0.35-0.95 ( fig. 1 and supplementary fig. S2 [Supplementary Material online]). Most importantly, the SiZer peaks overlap with peaks observed in histograms and provide strong support that the putative paleopolyploid signals are well distinguished from the background of small-scale gene duplications.
Maximum likelihood mixture model analyses of the K s distributions revealed a further level of complexity. Members of the Cardueae and Cichorioideae each demonstrated a single normal distribution consistent with paleopolyploidy, whereas all members of the Mutisieae and Heliantheae contained two distributions, as is apparent from some species' histograms ( fig. 1 and supplementary fig. S2 [Supplementary Material online]). The single distribution observed in the Cardueae and Cichorioideae comprised an average of 32% of the duplications in these taxa, with a peak center of K s 5 0.67 for the Cardueae and K s 5 0.81 for the Cichorioideae (table 2) . These results agree with histograms of duplicate gene ages for these taxa that demonstrate only a single peak and suggest a solitary paleopolyploidization. The two distributions observed in members of the Heliantheae and Mutisieae are each similar in scale to peaks from single genome duplications (table 2), suggesting that each of these peaks are the products of separate duplication events. In the Heliantheae, the mixture model places the centers of the successive duplications at K s 5 0.45 and K s 5 0.89. These two distributions correspond to two peaks in the Helianthus histograms that are difficult to distinguish visually because their tails overlap. Only the first of these two peaks is identified by SiZer, most likely because the prominent peak produced by the most recent paleopolyploidization obscures the positive slope of the older peak's left tail. Supporting this interpretation are significant declines near K s 5 0.95-1.05 in the Helianthus SiZer maps ( fig. 1 and supplementary fig. S2 [Supplementary Material online]) that correspond to the right tails of the mixture model distributions (table 2 and supplementary table S2 [Supplementary Material online]). Similarly, concurrent genome duplications with centers at K s 5 0.56 and K s 5 0.95 are inferred for the Mutisieae with the two mixture model distributions aligning with two peaks in the Gerbera histogram.
The mixture model also identified a number of smaller distributions in many species that were not recovered in other analyses (supplementary table S2, Supplementary Material online). All species contained one to three distributions in their duplication-rich initial peaks (i.e., K s 5 0-0.1) that likely represent a mixture of tandem and other small-scale duplications in addition to alleles, segmental duplications, or neopolyploidy. One ancillary peak, a distribution observed from K s ; 1.2-2, was particularly robust. Despite duplicate gene loss and the large error in estimating K s beyond saturation, we observed this distribution in all 18 species surveyed. Taking into account the antiquity of this age range, the feature may correspond to an ancient polyploidy shared by all asteroids or possibly all eudicots, as has been proposed from other analyses of plant genomes (Vision et al. 2000; Bowers et al. 2003; De Bodt et al. 2005; Cui et al. 2006; Jaillon et al. 2007 ). Considering the phylogenetic distribution of our sampled taxa ( fig. 2) , the simplest explanation for the observed duplication events is a shared paleopolyploidization at or near the base of the Compositae with independent duplications in the ancestry of the Heliantheae and Mutisieae. Our analyses of the overlap and phylogenetic placement of paleopolyploidizations support this hypothesis. To account for rate heterogeneity and make a valid comparison of K s values across the Compositae, we calculated a rate correction based on the ratio of derived K s branch lengths relative to the basal branch Gerbera for 36 ortholog phylogenies across a well-established topology Palmer 1987, 1988; Jansen et al. 1991; Jansen and Kim 1996; Funk et al. 2005; Kim et al. 2005 ) and used the mean ratios to correct all K s values (table 3) . This step revealed a substantial amount of nuclear rate heterogeneity across the Compositae with a nearly 30% difference in background molecular evolutionary rate between the fastest (Heliantheae) and slowest (Cardueae) lineages. When this correction was applied to the K s distributions, two categories emerged across all taxa (table 3); a common paleopolyploid peak near K s 5 0.75 in the Cardueae, Cichorideae, and Heliantheae and a paleopolyploidization restricted to the Heliantheae at K s 5 0.37. Tukey-Kramer analyses indicate that the means of these two categories are significantly different. Although the Mutisieae is not included in the rate correction, the K s 5 0.95 Gerbera peak is probably the same as the K s 5 0.75 peak in other tribes, especially considering that the derived taxa do not show evidence of an additional, older duplication. Thus, we interpret these results as evidence of a single paleopolyploidization near the base of the Compositae with independent duplications in the Heliantheae and Mutisieae.
The placement of genome duplications in relation to lineage divergences also supports our interpretation of the data. We placed paleopolyploidizations onto a rate corrected phylogeny that was generated by recalculating the K s branch lengths of the 36 ortholog trees using the relative rate corrections. From these trees, we estimated the mean divergences among our taxa using the corrected branch lengths. This yielded a mean divergence of K s 5 0.62 for the Mutisieae and all other tribes, the earliest tribal divergence in our phylogeny ( fig. 2) . In support of our interpretation that a genome duplication occurred near the base of the Compositae, our estimate of the divergence of the Mutisieae is more recent than the basal paleopolyploidization observed among all sampled Compositae taxa. This divergence date is also consistent with an independent duplication at K s 5 0.56 early in the evolution of the Mutisieae. Similarly, the divergence of the Cichorideae and the Heliantheae, at K s 5 0.50, supports our inference of an independent Heliantheae paleopolyploidization at K s 5 0.37. Additionally, our summary phylogeny of 36 nuclear orthologs is consistent with other studies of Compositae phylogeny that have demonstrated a rapid origin of extant tribes (Kim et al. 2005 ) with our results suggesting that all tribes originated during a relatively narrow window of divergence (K s 5 0.50-0.62).
GO annotations provide another line of support for our interpretation of a shared paleopolyploidization near the base of the Compositae ( fig. 3 ; GO figure and supplementary table S3 [Supplementary Material online] GO annotations as Microsoft Excel file). Consistent with a common paleopolyploidization, the pooled GO annotations for paleologs from the genome duplication at the base of the family were not significantly different (v 2 5 71.6, P 5 0.90) among the Cardueae, Cichorideae, and Heliantheae. In contrast, the paleologs from the basal Heliantheae duplication were slightly different from the genes retained in duplicate from the older, family-wide duplication (v 2 5 60.5, P 5 0.049) with higher retention of plastid-targeted genes from the more recent, tribal duplication event. Total GO annotations were also not significantly different among each of these tribes (v 2 5 90.7, P 5 0.42), as would be expected if the ESTs provided thorough coverage of a common Compositae transcriptome. However, the paleologs from the basal Compositae genome duplication were significantly different (P , 0.00001) from each of their tribes' nonpaleolog fractions. In general, genes associated with structural or cellular organization GO slim categories such as ribosomes, cytosol, structural molecular activity, cytoplasmic and cellular components, and cell organization and biogenesis were overrepresented in duplicate from the basal family paleopolyploidization, whereas genes were underrepresented for regulatory or developmental categories such as transcription and transcription factors, binding, molecular functions, and DNA or RNA metabolism.
Discussion
Although a previous study (Blanc and Wolfe 2004b) failed to identify paleopolyploidy in their analyses of Compositae ESTs, our research uncovered strong evidence of past genome duplications. This discrepancy is most likely the result of differences in data analyses rather than data quality or quantity. Like our research, Blanc and Wolfe (2004b) used CGP data and the number of ESTs in their analyses is on par with our smallest data sets. However, advances in the statistical analyses of duplicate gene age distributions-particularly the combined use of K-S goodness of fit tests, SiZer, mixture models, and relative rate corrections-permit the identification and phylogenetic placement of genome duplications not possible from a simple visual inspection of histograms. Our analysis of six Helianthus EST data sets also provides independent validation of a paleopolyploidization at the base of the Heliantheae s. l. that was previously suggested by studies of cytology, phylogeny, and gene copy number (Smith 1975; Robinson 1981; Yahara et al. 1989; Berry et al. 1995; Gentzbittel et al. 1995; Baldwin et al. 2002) . Significantly, this observation supports both our statistical approach and the interpretation that peaks in age distributions of duplicate genes, in this study and others, are indeed ancient whole-genome duplications.
Considering the size and rapid diversification of the Compositae, the potential importance of paleopolyploidy in initiating major angiosperm radiations cannot be overlooked. Although the Compositae is the largest family of flowering plants and represents nearly 10% of angiosperm diversity, the family is thought to be relatively young and likely evolved no more than 50 Ma (Funk et al. 2005) . Driving some of this diversification was the Oligocene radiation of all Compositae tribes during a relatively short time frame of approximately 12 My, as estimated from analyses of chloroplast sequences (Kim et al. 2005 ). Our nuclear genome analyses also support a rapid tribal radiation, with the divergence of all tribes from the Mutisieae to Heliantheae diversifying during a mean K s range of 0.12 in our 36 nuclear gene phylogenies ( fig. 2) . This is comparable to the amount of synonymous site divergence observed between orthologs of distantly related species of the same or sister genera in the Compositae (Barker MS, unpublished data), underscoring the brisk rate of this radiation. Intriguingly, the basal Compositae paleopolyploidization occurs near K s 5 0.75 in our nuclear gene phylogeny, a synonymous site divergence of only 0.13 from the initiation of tribal radiations. A similar pattern is observed for the Heliantheae, a lineage that accounts for 25% of the Compositae and nearly 2.5% of all angiosperms. Phylogenetic analyses (Baldwin et al. 2002) suggest that the Heliantheae paleopolyploidization is not likely shared by its small sister lineage the Arthroismeae, a pattern consistent with a polyploid-induced radiation in the Heliantheae. Though paleopolyploidy preceded these two major radiations, we cannot establish a causal relationship between paleopolyploidy and diversification of the Compositae with our present data. However, paleopolyploidy preceding bursts of diversification appears to be a recurring theme in genomic analyses (Taylor et al. 2001; Paterson et al. 2004; Aury et al. 2006; Scannell et al. 2006) , and with additional data, the Compositae provides an opportunity to statistically test this apparent relationship.
Of the myriad mechanisms by which paleopolyploidy may have promoted diversification of the Compositae, the creation of novel genes via sub-and neofunctionalization is likely among the most prominent. Sub-and neofunctionalization are well-established consequences of gene duplication (Blanc and Wolfe 2004a; Adams and Wendel 2005; Aury et al. 2006; Sémon and Wolfe 2007) that may facilitate diversification through the evolution of novel phenotypes (Benderoth et al. 2006) or differential functional resolution (Causier et al. 2005) . In the Compositae, there is evidence that paleopolyploidy has yielded duplicate genes associated with the evolution of the family's characteristic composite inflorescence. Chapman et al. (2008) found that the CYCLOIDEA (CYC) gene family, a family of transcription factors associated with branching and floral symmetry, has experienced a significant expansion in the Compositae. Ten members of the CYC family were recovered in Helianthus, much more than the one to five copies found in all other investigated plants. They proposed a paleopolyploid origin for some copies, and our analyses clarify their interpretation of the evolutionary history of the gene family. Based on our observation of two genome duplications in the history of Helianthus, it is likely that the 40-45 Ma duplication shared across all branches of the CYC phylogeny (Chapman et al. 2008 ) is derived from the basal Compositae paleopolyploidization, whereas other duplications, such as the 26-31 Ma CYC2 duplications, are probably products of the basal Heliantheae paleopolyploidization. These duplications have likely been significant in the evolution of the Compositae because Chapman et al. floral architecture and diversity of the Compositae, both Chapman et al. (2008) and Broholm et al. (2008) suggest that the evolution of floral novelties may have played a role in the family's various radiations, and our data intimate paleopolyploidy in the evolution of this floral diversity.
Despite substantial diversification and divergence since the paleopolyploidization near the base of the Compositae, the genes retained in duplicate from the event are strikingly similar across the three tribes we examined. Our analyses demonstrate that although 33-38 My have passed since the divergence of the tribes (Kim et al. 2005) , the lineages have retained the same distribution of GO categories among paleologs. Moreover, the profile of paleologs from both genome duplications in the Heliantheae are nearly identical, with only a difference in the amount of plastidtargeted genes distinguishing the more recent paleopolyploidization ( fig. 3 and table S3 ). Parallel paleolog retention has also been observed from the single paleopolyploidization in yeast (Scannell et al. 2007 ) and between independent genome duplications in Arabidopsis and Cleome (Schranz and Mitchell-Olds 2006) . Further, analyses in Arabidopsis have demonstrated that genes retained in duplicate from an older paleopolyploidization are likely to be retained as paleologs in subsequent genome duplications (Seoighe and Gehring 2004; Maere et al. 2005; Chapman et al. 2006) .
Although the paleologs within the Compositae are largely consistent across lineages and duplications, they are not consistent with the pattern of duplicate genes retained from other ancient genome duplications in flowering plants. Paleologs in Arabidopsis (Seoighe and Gehring 2004; Blanc and Wolfe 2004a; Maere et al. 2005) and Cleome (Schranz and Mitchell-Olds 2006) are enriched for genes associated with transcription and signaling. These observations lead some authors to link paleopolyploidy with the evolution of regulatory complexity (Blanc and Wolfe 2004a; De Bodt et al. 2005; Maere et al. 2005 ), a perspective that is further supported by models of duplicate gene retention that are based upon the biased retention of regulatory genes (Freeling and Thomas 2006; Birchler and Veitia 2007) . In contrast, Compositae paleologs are significantly enriched for genes associated with structural components or cellular organization, and regulatory and developmental genes such as transcription factors are significantly underrepresented. Analyses outside of flowering plants have also found other patterns of paleolog retention. For example, paleologs in yeast (Scannell et al. 2007 ) and Physcomitrella (Rensing et al. 2007 ) are enriched for genes associated with the GO categories ribosomal proteins, kinases, or metabolism, whereas paleologs in Paramecium (Aury et al. 2006) demonstrate no functional biases but instead have preferential retention of genes involved in macromolecular complexes.
These data suggest that mutation rates and/or patterns of intrinsic selection on different gene categories--while consistent within lineages--vary substantially among higher taxonomic categories. Considering the ecological and morphological diversity of the Compositae, it is difficult to imagine that extrinsic selection has played a large role in such uniform paleolog retention within this group. Possibly, different categories of genes differ consistently in mutation or subfunctionalization rates, leading to parallel patterns of retention. Alternatively, duplicates from some gene categories may be favored by phylogenetically conserved selection. Additional information, such as gene expression and genomic data for other tribes and related families, would provide further insight into the forces that determine the fates of duplicate genes in the Compositae and other flowering plants. Our finding of repeated taxonomic-specific patterns of duplicate gene retention demonstrates that further genomic comparisons within and among plant lineages should be fruitful for elucidating the forces that govern the evolution of gene families and genomic novelty.
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